Abstract-This
Variable-Frequency Grid-Sequence Detector Based on a Quasi-Ideal Low-Pass Filter Stage and a Phase-Locked Loop including a feedback loop with the purpose of controlling a magnitude, which is dependent on the voltage phase angle [6] [7] [8] [9] [10] [11] . PLLs are possibly the most widely used synchronization methods in the case of grid-connected three-phase systems [12] , [13] . The dynamic response of some methods, such as the one described in [14] , is good under balanced grid voltages, but very slow when these are designed to operate under unbalanced or distorted grid voltages. The fast PLL method presented in [15] can cancel the influence of certain harmonics, however, the implementation of this method is highly complex and should be limited to canceling the effect of only a few harmonics. In [16] , a novel control algorithm based on multiple reference frame theory is proposed to eliminate the low-order harmonic components in the ac currents of grid-tied converters when input ac voltages are unbalanced or contain low-order harmonics. The performance of the PLL-based synchronization method used in [17] is good, even under voltage imbalances and distortion. Nevertheless, in order to implement this, a number of practical problems relating to the normalization of the detected angle within the moving average filter (MAF) stage must be resolved to avoid overflow. Additionally, this solution was not designed to operate under variable frequency.
Other kinds of synchronization algorithms are based on the instantaneous symmetrical components theory [18] [19] [20] [21] . Some of these have a quick dynamic response and can work with variable frequency, but grid harmonics are only attenuated and not completely canceled. However, Yazdani et al. [22] propose an interesting synchronization algorithm consisting of a frequency estimator unit, three adaptive notch filter (ANF) based subfilters and a symmetrical components calculator. It also proposes a modified multiblock structure, which allows harmonic complete cancellation. In [23] , a comparison is made between this method, the DSOGI-PLL [24] and the dual second order generalized integrator-frequency locked loop (DSOGI-FLL) [21] , which is also based on an ANF, proving that the multiblock three-phase ANF can reduce the time response even if the grid is affected by harmonics.
An alternative method [25] also applies the symmetric components theory and extracts the fundamental frequency positive sequence by performing simple calculations. This completely eliminates several harmonics and employs finite-impulse response filters to attenuate the rest.
Most of these methods are designed to work at a nominal frequency and allow little deviation from this. To overcome this drawback, frequency detectors are included in their structures to make them frequency adaptive [26] . A number of other structures have inherently frequency adaptive capability [27] . Nevertheless, these approaches usually increase the complexity, worsen the dynamic response and decrease the capability to work in the presence of distorted voltages.
The use of MAFs in the detection of the positive sequence is relatively recent [17] , [28] [29] [30] [31] . They act as ideal filters when the window width is properly selected for the application. However, in [28] , the inclusion of the MAF in the closed loop of the PLL slows down the response and makes the adjustment of the controller more difficult [30] . In [17] , the MAF is placed outside the control loop. Thus, the dynamic response of the PLL is faster. Nevertheless, the MAF is applied to the output angle, which may lead to stationary errors in presence of multiple harmonics as detailed in [31] . In [29] , the MAF is applied to the dq components of the grid voltages. This solution is optimum, since the dynamics of the PLL is fast and the detection of the angle is very precise. However, it is not frequency adaptive. Its behavior is good under small frequency changes, but leads to a significant phase angle error in the presence of large frequency deviations. However, Freijedo et al. [30] make a correction on the detected angle according to the frequency change. However, since the window width of the MAF is not updated with the frequency, the harmonics are not completely canceled when the frequency changes. Furthermore, the attenuation characteristics of the MAF are slightly degraded.
The synchronization method presented in this paper is based on [29] . Nevertheless, it is extended to make it frequency adaptive. Furthermore, the MAF is analyzed in more detail and more realistic and harder experimental tests are made. This method allows rapid detection of the positive sequence of the grid voltages and is no longer affected by the presence of imbalances or harmonics in the electrical grid.
The paper is organized as follows. Grid voltages are characterized in dq coordinates in Section II. Section III reviews the principles of operation of moving average filters (MAFs). Sections IV and V show the general structure of the proposed filtered-sequence PLL (FSPLL) and a number of simulation results. Section VI is devoted to the frequency detector and variable-frequency FSPLL. Section VII makes a comparative between the proposed detector and other two PLLs found in the literature. The experimental results are described in Section VIII and Section IX sets out the conclusions.
II. CHARACTERIZATION OF GRID VOLTAGES IN dq COORDINATES
Grid voltages can be considered a positive sequence with the addition of negative and zero sequences (unbalanced voltages). They can also include harmonic components, which can be either balanced or unbalanced (harmonic distortion). The objective of a positive-sequence detector is to determine the magnitude and phase of the positive-sequence fundamental component, disregarding all unwanted components in the grid voltages.
The grid voltages containing the fundamentals and harmonics, which can be positive or negative sequences, are represented
in which V +1 and V n are the amplitudes of the fundamentals and the harmonics, respectively. Note that for n = −1, the second term in (1) corresponds to a fundamental negative sequence. The voltage vector can be represented in dq coordinates through the Park transformation using a synchronous reference frame rotating at the fundamental frequency. If this transformation is applied to the voltages in (1), the following v d and v q components are obtained However, according to (2) , voltage imbalances and distortion will cause oscillations in the two components (v d and v q ). The frequency of these oscillations is (n − 1)ω for a positive-sequence harmonic and (|n| + 1)ω for a negative sequence. Therefore, one can conclude that a negative sequence and odd-order harmonics generate even-order frequency oscillations, and even-order harmonics generate odd-order frequency oscillations.
III. MAF
In order to use v d and v q components to obtain the real angle of the positive sequence, the oscillations caused by distortion have to be removed. An MAF structure may be very useful because, under certain conditions, it can perform as an ideal low-pass filter. The performance of the MAF is analyzed in the following.
Application of the MAF operator to an input signal x(τ ) is given byx
An example of the performance of the MAF is shown in Fig. 1 . The filter provides the mean value of the input signal in the time period from t − T w to t, where T w is the window width. There is always an intrinsic delay related to the window width; therefore, the larger T w is, the slower the detection dynamic. If the input signal contains sinusoidal components, whose frequency is an integer multiple of the equivalent frequency of the MAF (f w = 1/T w ), the output signal will be free of oscillations containing only the mean value of the input signal. The MAF will need a period of time T w to gather the data and obtain the correct output, hence, this is the delay produced by the MAF.
In Fig. 1 , grid voltages suffer an asymmetric voltage dip (20%, 40%, and 60%) that generates a negative sequence in the dq components. The window width is 0.01 s, that is half the input signal period and exactly the negative-sequence period. The MAF can eliminate the input oscillation after gathering the data. When the input signal changes suddenly, the output of the MAF has an error during T w until the window contains an integer number of oscillations and the MAF obtains again the mean value.
Selection of the window width is an important issue. Depending on this, the MAF is able to perform as an ideal low-pass filter for some input frequency components.
For a better understanding of the MAF, the transfer function has been obtained and analyzed. Given an input signal
with ω = 2π/T . The output of the MAF will be
Applying the Laplace transform to (4) and (5), the transfer function for θ 0 = 0 becomes
Substituting s = jω
The magnitude and phase expressions are as following:
and The MAF is a finite-impulse response (FIR) filter that, as shown in (9), has linear-phase response, being the time of the delay constant and known.
From (8), the output magnitude of the MAF is zero whenever
or
Fig . 2 shows the frequency response of the MAF. In this representation, the window width of the MAF is T ω = T , being T the input signal period. Observe that the frequency components that comply with (11) are canceled completely; therefore, all of the input signal are harmonics. The frequency components close to the filter-node frequencies will not be canceled, but very attenuated. Additionally, according to (9) , the MAF shows linear phase.
When using the MAF to filter dq components, if T w = T /2, the dq even-order oscillations from odd-order harmonics and the negative sequence would be completely removed. If evenorder harmonics with significant amplitudes are expected, the window width of the MAF should be increased to T w = T .
IV. FSPLL Fig. 3 shows the structure of the proposed positive-sequence detector. First, the grid voltage vector is transformed using a synchronous reference frame rotating at fundamental frequency (ω f ) and with an arbitrary angular position (θ f ). The components v d and v q may contain oscillations due to harmonics and a negative voltage sequence. Both components are thus filtered through the MAF; therefore, if an appropriate window width is used, v d and v q will be constant and containing only the positive sequence of the grid voltages.
As shown in Fig. 4 , the v q component is not necessarily zero because the angle used in the Park transformation is arbitrary. Thus, the voltage vector is not on the d-axis, but on another The output of the PI (ω + ) is integrated to obtain θ + . It should be remarked that, in this structure, the PI regulator parameters can be tuned to achieve a quick response of the PLL because unwanted oscillations are not expected in the v + q component. This is a significant advantage compared with other methods [14] , which do not include the filtering stage presented in this paper.
The same structure of Fig. 3 can be used to obtain the negative sequence of the input grid voltages by imposing on the Park and iPark transformations an arbitrary angle rotating in the opposite direction (θ − = −θ + ).
V. SIMULATION RESULTS
The FSPLL has been simulated in order to test its performance. Simulation results have been obtained through MAT-LAB/Simulink. In both simulations, the rms line-to-neutral grid voltage is 220 V at 50 Hz, and both Park and iPark transformations are tuned to perform at 50 Hz. A window width of T w = T /2, where T is the grid voltage period, is selected for the MAFs. The main variables of the proposed FSPLL are displayed: (a) grid voltages; (b) the dq components before and (c) after the MAF; (d) the dq synchronized variables in the PLL; (e) the input voltage positive sequence; (f) the real (red) and detected angle (blue); and (g) the error in the detected angle. The MAF needs a T w time to collect all the data (10 ms). After that, the FSPLL detects the angle without error.
In Fig. 5 , a π/2 phase jump is introduced at t = 20 ms. The detected angle has an initial error of π/2 that is corrected in a T w time. At t = 50 ms, an asymmetrical voltage dip is introduced (60%, 20%, and 0%), thus, a fundamental negative sequence appears in the dq components. The oscilations are canceled completely after the MAF in a T w time. Fig. 6 shows another simulation test performed in the FSPLL structure. At t = 30 ms, an asymmetrical voltage dip is introduced (60%, 40%, and 20%). At t = 60 ms, an odd harmonic component set is added as follows: third (30%), fifth (40%), and seventh (20%). Observe that the FSPLL has a very good performance, rapidly eliminating the error in the detected angle within half a grid period (10 ms) when any disturbance appears.
Note that again, the dq components before the MAF contain oscillations, which are canceled completely after the MAF. These oscillations are produced first, because a fundamental negative sequence appears due to the voltage dip process, and next, due to the harmonic distortion. From the results, one can conclude that the proposed FSPLL can overcome phase jumps, voltage dips, and high harmonic distortion.
At t = 100 ms, the grid frequency changes up to 55 Hz. Now the detected angle shows a constant error of 0.16 rad approximately, even when the disturbances in the grid voltages disappear. This is due to the fact that first, Park and iPark transformations use a synchronous frame rotating at a frequency different from the fundamental of the grid (ω f ), and second, the window width of the MAF is set to a different frequency, thus, it will not contain an integer number of oscillations of the dq components and will not be able to filter them properly. As shown in Fig. 2 , if the frequency is not exact, oscillations will not be canceled, but attenuated.
As shown in this example, the proposed positive-sequence detector has a very good performance in the presence of grid disturbances. However, a grid frequency other than the nominal value will produce a proportional error in the detected angle.
VI. VARIABLE-FREQUENCY FSPLL

A. Frequency Detector
To make the FSPLL frequency adaptive, the real frequency should be measured to update the frequency dependent blocks. Several methods for the frequency measurement have been proposed in the literature. There are the methods based on zerocrossing detection [32] [33] [34] [35] [36] [37] [38] [39] , Fourier transform [36] , [40] , [41] , Kalman filtering [42] , PLL based [43] , and adaptive notch filter based [44] .
Among these, the ones based on zero-crossing detection are the simplest. The main idea of these methods is to measure the time elapsed between two consecutive zero crossings of the grid voltage, and as a function of this time, estimate the frequency. These methods work quite well under undistorted grid conditions. However, in the presence of harmonics or other grid disturbances, they may lead to erroneous frequency estimations due to the nonreal crossing points caused by the distortion. In order to improve its behavior under these circumstances, several algorithms have been proposed [32] [33] [34] [35] [36] [37] [38] [39] . Almost all of them are based on the attenuation of the undesired harmonic components and noise as a prior stage. For example, Asnin et al. [32] and [33] propose a prior filter stage based on a FIR filter. A more complicated multistage filter is introduced in [34] and [35] . In both cases, the aim of including the filters is to attenuate the grid voltage distortion.
In [36] , the required filter stage is implemented making use of a discrete Fourier transformation (DFT) working with a fixed window width. In this case, if the width of the window is equal to the period of the grid voltage, the DFT algorithm works as an ideal low-pass filter. On the other hand, if the width of the window does not match exactly the period of the voltage, the DFT does not work as an ideal low-pass filter, but its behavior is still good enough to estimate the frequency. Finally, in a number of literatures [37] [38] [39] , the grid voltages are approximated by a low-order polynomial coefficients of which are obtained making use of the least-square technique (LST). In these cases, due to the low order of the chosen polynomial, the high-frequency components of the grid voltages are attenuated.
The positive-sequence detector proposed in this paper does not need a very accurate frequency measurement to operate properly. A slight frequency change affects mainly two blocks: Park and iPark transformations, and the MAFs. If the angle of the Park transformation has not exactly the same frequency as the grid voltage, the transformed v d and v q will not be constant. They will oscillate at a frequency of the difference between the real frequency and the transformation frequency. In the case of the MAFs, the window width will not match exactly the period of the input signal oscillation. Consequently, imbalances and harmonic disturbances will not be canceled by the MAFs completely, however, they will be very attenuated, as shown in Fig. 2 . This error is analyzed in the following. A slight frequency difference is represented as follows:
where ω real is the real-grid frequency and ω f is the frequency fixed for the Park and iPark transformations and the MAFs. The main frequency of the transformed dq components will be ω d . From (7)
what for ω = 0 implies |G MAF (jω)| = 1 and (14)
For a relatively small frequency as ω d , (8) and (9) 
what proves a very small error in the filtered components, and thus, in the detected angle. Therefore, in this paper, a relatively simple, but efficient adaptive zero-crossing method is proposed. Fig. 7 shows the flowchart of this detection method. At the beginning of the process, two zero-crossing points are needed to calculate the initial frequency. The detector has been designed to allow frequency changes of up to 25 Hz/s. Hence, every time the frequency is updated, the upper and lower frequency limits are calculated to determine a 25-Hz/s frequency band around this new frequency. Then, it will wait for the following zero-crossing point and proceed differently depending on weather it is within the band or not. If it is within the band, the frequency is updated and the new limits are calculated. If not, it will look before and after the band, which is the closest zero-crossing point to the band, and save it. Neither the frequency nor the frequency limits will be updated with this last point, but the detector will start counting from it waiting for the next zero-crossing point. Both the positive-and negative-slope zero-crossing points can be used for detecting the frequency in order to improve the detection dynamics. The best way to avoid errors due to transitories when disturbances appear, is to use both crossing points and calculate the frequency separately.
The following situations may occur depending on the location of the next zero-crossing point. 1) A zero-crossing point is found in the 25 Hz/s band. It is considered to be a valid value and the frequency is updated. This situation is shown in Fig. 8 . Grid voltages start undisturbed and suddenly one harmonic component is added. In this case, the transition is not strong enough and the zero-crossing point is found within the band. Any other zero-crossing point before or after the band may not be considered if there has been a crossing point within the band. 2) There are several zero-crossing points within the band.
When the first zero-crossing point is found, the frequency is updated and the new band limits are calculated. The algorithm will look for a new zero-crossing point much further from the second zero-crossing point. Hence, this will be outside the new band, and therefore, will not be considered. 3) There is a zero-crossing point before the band. This is shown in Fig. 9 . This zero-crossing point would represent an important frequency change and may not be real, but caused by a transitory disturbance, in this case, the sudden addition of a harmonic component set. This uncertain crossing point is saved, but the frequency is not updated. If the next zero-crossing point is found in the 25 Hz/s band of the previous one, the frequency will then be updated. 4) There is a zero-crossing point after the band. If no zerocrossing point is found before or within the band, this uncertain crossing point is saved, but the frequency is not updated. If the next zero-crossing point is found in the 25 Hz/s band of the previous one, the frequency will then be updated. 5) There are zero-crossing points before and after the band. In this case, the nearest point to the band is taken and saved, but again, the frequency is not updated until the next zerocrossing point is within the band. This could represent nonreal-crossing points due to any kind of disturbance and the frequency will be updated properly within a grid voltage cycle. When no zero-crossing point is found in the band, the nearest point to the band is saved. This is usually due to a transitory in the grid voltage. The waveform will be periodical, and thus, in the following period a new zero-crossing point will be found within the band of the saved one and the frequency updated.
There are several ways of performing the method. In this PLL application, a high level of precision is not required because deviations of up to 1 Hz provoke a slight, but acceptable level of error in the positive-sequence detection. However, it is preferable to apply the method to more than one phase. It can be applied to line-to-neutral phases, line-to-line phases, or α-β transformed phases.
1) Line-to-neutral voltages: Three frequency detectors are needed. The average of the detected three frequencies is accepted as the frequency value. Any frequency change will be detected quickly, up to three measurements are made within a period. When a phase fails, the average of the remaining phases will be used. If two phases fail, the frequency will be calculated with the remaining phase. 2) Line-to-line voltages: This is similar to the previous case.
The only difference is that if one phase fails, there will still be three line-to-line phases to detect the frequency. Only when two phases fail one line-to-line phase will go to zero. 3) α − β transformed components: This only needs two frequency detectors, but the frequency is updated less often. α − β components can still be used when a phase fails. Furthermore, if two phases fail, one variable (α or β) can still be used for the frequency update. Fig. 10 shows the performance of the frequency detector in the presence of distorted grid voltages when the frequency varies. The simulation starts with 220 V at 50 Hz. At t = 60 ms, the frequency starts increasing at 20 Hz/s and it reaches 54 Hz at the end of the simulation. At t = 180 ms third and fifth harmonics are included with an amplitude of 50% and 30% of the fundamental. Observe that the error in the frequency detected is small during the variation until it stabilizes. The FSPLL hardly notices this error. At t = 340 ms, a phase jump of π is introduced. A phase jump is usually the worst disturbance for a frequency detector. Note that the proposed frequency detector is not affected by such an abrupt phase jump.
B. Variable-Frequency FSPLL
In the structure shown in Fig. 3 , several blocks are designed to perform at a constant frequency. The simulation test shown in Fig. 6 proves that a grid frequency different from the one selected will provoke errors in the FSPLL variables. To solve this problem, the frequency-dependent blocks have to be updated with the calculated frequency. One of the parameters that needs to be changed is the frequency of the arbitrary angle used in the Park and iPark transformations. In this way, the transformed dq components will be constant without the low-frequency oscillation produced by the frequency difference. Also the MAF window width has to be updated in accordance with the estimated frequency. Consequently, the MAF window will always contain an integer number of unwanted oscillations, thus being capable of filtering them. Fig. 11 shows a simulation of the variable-frequency FSPLL for a frequency step change of 0.5 Hz in the presence of a singlephase voltage dip (20%) and a fifth-order harmonic (20%). The frequency detector takes approximately one cycle to detect the correct frequency, meanwhile the FSPLL has a little and acceptable error. This error is too little to be noticed in the detected positive sequence.
VII. COMPARATIVE SIMULATIONS
The proposed variable-frequency FSPLL has been compared in the presence of the main grid disturbances, to other three representative detectors found in the literature: the DSOGI-PLL [24] , the DSOGI-FLL [21] , and the three-phase ANF [22] . The detectors have been modeled and tuned as described in the references.
In the next simulations, the rms line-to-neutral grid voltage is 220 V at 50 Hz. In Fig. 12 , an odd harmonic component set is added as follows: fifth (30%), seventh (20%), and 11th (30%). In the presence of harmonics, the FSPLL needs a T w time to correct the error, while the DSOGI-FLL and the DSOGI-PLL cannot completely cancel the effects of the harmonics and maintain an error. The three-phase ANF can also remove completely the error. Fig. 13 shows the behavior of the three PLLs in the presence of a three-phase voltage dip (20%) and a π/10 phase jump. Again, the FSPLL needs a T w time to completely correct the error. The DSOGI-PLL and the three-phase ANF have a higher transitory error, but a fast performance, while the DSOGI-FLL has slower dynamics.
Tables I-IV summarize the performance of the four detectors in the presence of the main grid disturbances. The following data are displayed. The stationary errors in the detected phase (e phase ), the detected magnitude of the positive sequence (e mag ), and the detected frequency (e freq ). Additionally, the settling time of the detected phase (ts phase ), detected magnitude of the positive sequence (ts mag ), and detected frequency (ts freq ) within the 2% of the steady state for the DSOGI-FLL, DSOGI-PLL, and three-phase ANF are shown. In the case of the variablefrequency FSPLL, this time corresponds to the time needed to correct the error completely (0% of the steady state). These data have been obtained through simulation. In this study, the instants of transitions and the harmonic phases are on the basis of the worst case for all the sequence detectors under evaluation. Table I shows a comparative when an odd-order harmonic component set fifth (30%) and seventh (20%) is added. As shown in Fig. 12 , the variable-frequency FSPLL and the three-phase ANF cancel the effects of the harmonics, while the other two PLLs can only attenuate the error.
In Tables II and III , the behavior of the four detectors when a three-phase voltage dip (20%) appears and the effect of a phase jump of 2π/3 is analyzed separately. In both cases, all the detectors achieve zero stationary errors. Again, the variable-frequency FSPLL needs a T w time to completely remove the errors. The settling time (2%) is shown for the other three detectors.
Finally, in Table IV , the effect of a frequency step change of 0.5 Hz is shown. In this case, all the detectors achieve zero stationary errors, and t 0 phase , t 0 mag , and t 0 freq represent the time needed to achieve the steady state (within 0% of error).
As shown in this comparison, the main advantages of the proposed variable-frequency FSPLL are the complete cancellation of the harmonics, the short-and fixed-response time in all the cases except in the presence of frequency variations because of the short delay of the frequency detector, and the capacity to withstand very high distorted conditions. Additionally, the effect of the perturbations in the proposed detector is always the same irrespective of the exact moment of appearance and the same tuning parameters are optimum for every disturbance.
VIII. EXPERIMENTAL RESULTS
The proposed algorithm was programmed in a DSP board TMS320F2812 and a number of experimental results were obtained. A three-phase generator CMC-156 from Omicron was used to provide the grid voltages. All the tests were performed The experimental test of Fig. 15 shows the performance of the variable-frequency FSPLL when the input voltage has a timevarying frequency. The error in the detected frequency is also shown for a better clarity. The input frequency starts at 50 Hz. At t = 250 ms, it starts to vary at 10 Hz/s up to 59 Hz. In addition, a single-phase voltage dip of 30% occurs at t = 500 ms until the end. Fig. 16 shows a zoom of the transitory. Note that even in the presence of such adverse operating conditions, the proposed positive-sequence detector is able to detect the angle correctly and the dq components are synchronized perfectly.
The proposed FSPLL has been used in a real application to connect an neutral point clamped (NPC) converter to a 400 V grid, as shown in Fig. 17 . The system has been subjected to a hard distortion in the test of Fig. 18 . Observe that even under such a pessimistic scenario, the high distortion of the positive sequence dq components is removed and an accurate detection of the angle is performed.
IX. CONCLUSION
In this paper, a new PLL has been presented for positivesequence detection in a three-phase system. The structure is based on a MAF that guarantees complete cancellation of the effects produced by grid voltage imbalances and harmonics on the detected variables. Moreover, the parameters of the PI controllers are tuned to achieve a wide closed-loop bandwidth, thus, the dynamic response of the system is improved significantly. This is possible because unwanted oscillations have been removed in a previous stage. Simulation and experimental results have been presented, which verify good performance of the system in the presence of harmonics, imbalances, and phase changes in the grid voltages. Performance of the presented PLL has proved considerably better than the basic PLL design. In addition, it shows clear advantages in the presence of harmonics over the newest and more sophisticated positive-sequence detectors. On the other hand, it has a similar dynamic response and behavior in the presence of voltage dips. A remarkable advantage of the proposed system is its simplicity compared to those with a similar performance. Furthermore, the PLL includes a simplefrequency detector that makes it frequency adaptive. This guarantees its proper operation even under large frequency changes.
